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(57) ABSTRACT 

Selective damping apparatus comprises at least one sensor 
(7) for detecting, and producing signals indicative of at least 
the frequency and amplitude of vibrations of a ?rst structural 

component (“the resonant structure”) (6) having one or more 
resonant frequencies, at least one vibration generator (40) 
for generating damping vibrations for application to the 
resonant structure, a controller (8) for controlling the opera 
tion of the vibration generator (40) in delayed response to 
the signals produced by the at least one sensor (7), and 
Wherein at least one of said at least one sensor (7) and of said 

at least one vibration generator (40) is adapted to operate in 
co-operation With a second structural component (“the non 
resonant structure”) (2) relatively insensitive to the resonant 
frequencies of the resonant structure (6) and connected or 
coupled to said resonant structure (6) either directly or 
indirectly via one or more intermediate structural compo 

nents. 
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DAMPING OF VIBRATIONS 

[0001] The present invention relates to apparatus and 
methods of damping vibrations in structures and in equip 
ment, systems or sub-structures connected or coupled to 
such structures. In particular the invention has application, 
although not exclusive application, to apparatus and meth 
ods for the selective damping of vibrations in vehicles and 
vessels such as aircraft, ships and submarines. 

[0002] By the term “structures” We include assemblies of 
components made of solid materials joined together by 
physical contact, ?uid media or magnetic in?uence to meet 
an overall requirement eg a building, bridge, aircraft or 
ship. 
[0003] All structures have natural frequencies of vibration 
or resonance that can be excited by forces applied to the 
structure. A structure usually has a number of such natural 
frequencies of resonance each corresponding to a particular 
mode of vibration. A cylindrical structure for example Will 
have resonant frequencies corresponding to axial, radial and 
circumferential modes of vibration respectively, the frequen 
cies being determined by the materials and geometrical 
dimensions of the cylinder. In some structures, Where the 
natural frequencies are excited in an operational or environ 
mental condition in Which the structure is to be used, the 
resulting resonance becomes a problem as it gives rise to 
noise, vibration or structural damage. In common practice 
these problems are addressed either by changing the struc 
ture: 

[0004] to change its stiffness and hence its natural 
frequency thus moving the resonant frequency aWay 
from the frequency of the operating or environmental 
condition stimulating that mode of resonance, or 

[0005] to change the damping characteristics of the 
structure by applying suitable materials to it to 
reduce the amplitude of the resonances, e.g. acoustic 
tiles. 

[0006] A novel method of suppressing these resonant 
vibration problems is described in our UK patent application 
2,361,757. This comprises detecting the onset of a particular 
mode of resonance of a structure and applying a force to it 
at a selected frequency to dampen that mode. 

[0007] One feature of the knoWn methods of damping 
resonant structures is that to be effective the sensing of 
modes and application of damping solutions have to be 
applied at, or close to the position in the structure Where the 
resonance is causing maximum vibration amplitudes. Access 
to the point of maximum amplitude to apply a damping force 
or damping materials is not alWays easy or possible, Whilst 
the application of damping materials is limited by space, 
Weight and chemical compatibility. Moreover the applica 
tion of damping to completed structures also may be limited 
by cost, doWn time and contamination of the resonant areas 
of the structure. 

[0008] An object of the present invention is to provide 
apparatus and methods of controlling, from one part of a 
structure, the amplitude of one or more resonant modes of 
vibrations of another, remote, part of the structure or of a 
remote system connected or coupled to it. 

[0009] According to the present invention in one aspect 
thereof there is provided selective damping apparatus com 
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prising at least one sensor for detecting, and producing 
signals indicative of at least the frequency and amplitude of 
vibrations of a ?rst structural component (“the resonant 
structure”), having one or more resonant frequencies, at least 
one vibration generator for generating damping vibrations 
for application to the resonant structure, a controller for 
controlling the operation of the vibration generator in 
delayed response to the signals produced by the at least one 
sensor, and Wherein at least one of said at least one sensor 
and of said at least one vibration generator is adapted to 
operate in co-operation With a second structural component 
(“the non-resonant structure”) relatively insensitive to the 
resonant frequencies of the resonant structure and connected 
or coupled to said resonant structure either directly or 
indirectly via one or more intermediate structural compo 
nents. 

[0010] Where there are tWo or more sensors they may be 
used to detect the frequency, amplitude and mode of the 
vibrations of the resonant structure. 

[0011] The at least one sensor may be an electromechani 
cal device, such as a pieZoelectric transducer, accelerometer, 
strain gauge, velocity and displacement probe, force gauge, 
photosensitive sensor or proximity sensor depending on the 
frequency to be measured and physical arrangement Where 
it is to be ?tted. The sensor may be responsive to tWo or 
more frequencies of resonance of the resonant structure to 
produce corresponding signals for application to the con 
troller. 

[0012] The sensor may produce alternating electrical sig 
nals at one or more predetermined frequencies and/or ampli 
tudes indicative of the detection of said one or more resonant 
frequencies, or it may produce an electrical control or trigger 
signal or pulse in response to that detection. 

[0013] The vibration generator may be an electromagnetic 
inertial vibrator or actuator, or an electro-hydraulic inertial 
vibrator or actuator, or a pieZoelectric inertial vibrator or 
actuator, or a magnetostrictive inertial vibrator or actuator, 
or an electro-static inertial vibrator or actuator. 

[0014] The controller may be a digital electronic controller 
having analogue to digital input and digital to analogue 
output circuits for the receipt and transmission of input and 
output alternating analogue signals from the at least one 
sensor and to the at least one vibration generator respec 
tively and a digital phase delay circuit or softWare for 
adjusting the timing and phase of the output signals With 
respect to the input signals. The phase delay circuit or 
softWare may be adapted to adjust the phase of the output 
signals such that, vibrations generated by the vibration 
generator cause the resonant structure to be dampened by a 
periodically varying force having a frequency corresponding 
to and substantially in phase quadrature With a resonant 
frequency of the resonant structure. 

[0015] According to the present invention in a further 
aspect thereof there is provided a method of selectively 
damping resonances of a ?rst structural component (“the 
resonant structure”) of a structure comprising the steps of: 

[0016] 1) using at least one sensor to detect reso 
nances of the resonant structure and to derive cor 
responding detection signals, 

[0017] 2) using the detection signals to drive at least 
one vibration generator to generate vibrations for 
application to the resonant structure. 
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[0018] 3) controlling the frequency and phase of the 
vibrations so that on application to the resonant 
structure they are substantially in phase quadrature 
With a resonant frequency of the resonant structure 

[0019] and Where for the purposes of the method, at 
least one of the said at least one sensors and of the 
at least one vibration generator is positioned to 
co-operate With a second structural component (the 
“non-resonant structure”) of the structure connected 
or coupled to the resonant structure either directly or 
indirectly by means of intermediate structural com 
ponents. 

[0020] The invention Will noW be described by Way of 
example only and With reference to the accompanying 
draWings of Which; 

[0021] FIG. 1 is a schematic sectional side vieW of a hull, 
propulsion mechanism and propellers of a marine vessel, 
and 

[0022] FIG. 2 is a block schematic diagram of apparatus 
for controlling vibrations of the propellers of the vessel 
shoWn in FIG. 1. 

[0023] Referring ?rst to FIG. 1, a marine vessel (20) 
comprises a hull (4) housing a propulsion unit (not shoWn) 
arranged to provide poWer to rotate a propeller shaft (2) 
supported in one or more journal bearings including a stem 
tube journal bearing (5) and transmitting the thrust from a 
propeller (1) having a number of propeller blades (6) 
through thrust bearings (3) in a thrust block (30) to the hull 
(4) 
[0024] The rotation of the propeller (1) and its blades (6) 
generates a propulsion force Which is transmitted through 
the propeller shaft (2) and the thrust bearings (3) and their 
thrust blocks (30) to the hull (4) Which is thus moved 
through the Water. 

[0025] Unsteady forces on the propeller blades (6), due to 
variations in the Water ?oW, vibrate the propeller When 
the frequency of the vibration equates to a resonant mode of 
vibration of the blades (6), the amplitude of these vibrations 
increases resulting in an increase in noise, enhancement of 
unsteady Water How and potential failure of the blades due 
to plastic or fatigue fracture. The propeller shaft (2) and the 
hull (4) are non resonant at the resonant frequency of the 
propeller blades 

[0026] The blades’ vibration creates an oscillating sound 
Wave at their resonant frequency Which travels through the 
non resonant propeller shaft (2) into the non resonant hull (4) 
via the thrust bearing 

[0027] Referring noW to FIG. 2, in Which for convenience 
components common to FIG. 1 have been given identical 
reference numerals, a selective damping apparatus com 
prises: 
[0028] An accelerometer (7) mounted on and for rotation 
With the propeller shaft (2) in-board of the bearing (5) and 
having a telemetric link (not shoWn) to a stationary receiver 
(7‘) mounted adjacent the shaft 

[0029] The receiver (7‘) is connected to an analogue input 
(9) of a digital controller The controller (8) has an 
analogue to digital (A to D) signal conversion circuit (not 
shoWn) at its interface With the analogue input It has a 
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digital phase-shifting delay circuit (not shoWn) or softWare 
connected to receive digital signals from the A to D circuit 
and to apply an appropriate time delay and phase shift to 
those signals by conventional digital signal processing tech 
niques, and a digital to analogue conversion circuit (not 
shoWn) connected to receive the delayed and phase shifted 
digital signals and to provide corresponding analogue output 
signals at an output (10) of the controller 

[0030] The output (10) of the controller (8) is connected to 
a vibration generator (40) comprising a modi?ed thrust 
metering system (11). The thrust metering system (11) is a 
conventional system, typically mounted Within a ship’s 
thrust block (3), for measuring the thrust force (indicated by 
the arroW T) on the hull generated by the propeller It is 
a hydraulic device including thrust pads (12) in ?uidic 
contact With a collar (13) on the shaft (2), Which drive 
pistons (14) in cylinders (15) hydraulically connected to a 
pressure gauge (16) calibrated to indicate thrust. 

[0031] The modi?cation to the thrust metering system (11) 
to enable it to act as a vibration generator, comprises a 
further piston and cylinder device (17) in Which the piston 
is moved by a solenoid (18) Which in turn is connected to 

respond to the analogue output signals of the controller The piston acts on the hydraulic ?uid of the thrust metering 

system via a hydraulic line (19) connected to the hydraulic 
lines of the thrust metering system via a T-piece (20). 
[0032] Other vibration generators could be used. The 
vibration generator may be for eXample a vibrator such as 
the hydraulically actuated vibrator described in GB2 255 
387 (DoWty Aerospace Wolverhampton Ltd), or a magneti 
cally supported and driven mass vibration cancelling device 
as described in GB 1 281 369 (MAS Research Ltd), or an 
electromagnetic inertial vibrator for eXample model IV 46 
supplied by Gearing and Watson Ltd of Hailsham in East 
Sussex, or one or more actuators Within the structure in a 

similar manner to that described in the eXample beloW. 

[0033] In operation the accelerometer (7), senses the oscil 
lating sound Wave (indicated by arroWs v) arriving along the 
propeller shaft (2) from the resonant is propeller blades (6) 
and sends a corresponding signal via the telemetry link and 
the receiver (7‘) to input (9) of the electronic controller 
[0034] The electronic controller (8) identi?es the propeller 
blade resonance from the frequency, phase and mode char 
acteristics of the received signal Which it digitises. The 
electronic controller (8) processes the digitised signal to 
generate an analogue propeller blade resonance damping 
signal at the output (10), phase corrected to alloW for the 
phase shift due to sound Wave transmission times from and 
to the propeller blades (6) and delays introduced by the 
electronic controller (8) itself. 
[0035] The damping signal activates and deactivates the 
solenoid (18) correspondingly. The solenoid (18) oscillates 
the piston in the cylinder (17) at a frequency corresponding 
to the required damping signal. The piston movements vary 
the pressure of oil in the hydraulic thrust meter system (11) 
in sympathy. The oscillating pressure in the thrust meter 
system (11) acts via thrust meter pistons (14) and the thrust 
pads (12) to create a control sound Wave signal in the 
propeller shaft The control signal sound Wave is trans 
mitted aXially along the shaft to the propeller blades The 
control signal is phased to generate a damping force at the 
propeller blades (6) at the resonant blade frequency and 
mode of vibration. 
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[0036] The controller (8) ensures that the damping force is 
substantially proportional to the velocity of the blades, due 
to the resonance, and is applied to oppose this motion of the 
blades. The maximum damping force is applied When the 
velocity of the blades is at or near its maximum. This 
velocity is substantially 90° out of phase With the force 
exciting this resonance. It Will be appreciated that relatively 
minor deviations from the precise phase of the maximum 
velocity (eg 110°) Will not greatly affect the damping effect 
of the damping force because the velocity of movement of 
the blades (6) does not vary rapidly near the maximum 
velocity in each cycle. 

[0037] Many modi?cations and variations on the methods 
and apparatus described in the example Will noW suggest 
themselves to ones skilled in the art. 

[0038] For example it Will be appreciated that although an 
application of the invention has been described With refer 
ence to the resonant vibrations of a marine vessel’s propeller 
blades, the concept could equally be applied in other situ 
ations, for example, to the selective damping of turbulent 
air?oW induced vibrations in aircraft Wings. In the aircraft 
application detection of these vibrations could be effected 
Within the aircraft fuselage by a sensor attached to a main 
Wing spar and dampening forces could be applied to the 
Wing remotely via an actuator acting on a inboard section of 
the Wing spar remote from the source of vibrations at the 
Wing tip, or via the aircraft’s hydraulic undercarriage sys 
tem, using the Wheels as inertial shakers. 

[0039] It is Well knoW that the turbulent air?oW induced 
vibrations of an aircraft’s Wing are speed dependent. In 
practice this limits the maximum safe speed of an aircraft to 
beloW that Which Would otherWise be achievable given the 
capability of modern jet engines. To exceed this maximum 
safe speed Would risk Wing structural vibrations leading to 
catastrophic failure of the aircraft structure. By damping the 
resonant frequencies of Wing structures in a manner accord 
ing to the invention it is likely that aircraft could ?y at speeds 
closer to those theoretically possible given modern jet 
engine performance. 
[0040] Other applications could include the remote selec 
tive damping of bridge or building resonances by sensing 
those resonances or applying corrective vibrations at non 
resonant parts of the bridge or building connected or coupled 
to the resonant part. 

1. In a structure having a ?rst structural component having 
one or more resonant frequencies and a second structural 

component (relatively insensitive to said one or more reso 
nant frequencies and being connected or coupled to said 
resonant structure either directly or indirectly via one or 
more intermediate structural components, 

a damping apparatus characterised by at least one sensor 
mounted for detecting vibration of said ?rst structural 
component, a controller coupled to said at least one 
sensor for identifying resonances of the ?rst structural 
component from characteristics of a received signal, 
and at least one vibration generator coupled to the 
second structural member for generating vibrations to 
damp the vibrations of the ?rst structural component, 
Wherein said controller is coupled to said at least one 
vibration generator to control the frequency and phase 
of the vibration generator, Whereby the at least one 

Jun. 16, 2005 

vibration generator generates vibrations that are trans 
mitted through the second structural component to the 
?rst structural component vibrations to dampen the 
vibration of the ?rst structural component. 

2. Damping apparatus as claimed in claim 1 and Wherein 
said at least one sensor is a pieZoelectric transducer. 

3. Damping apparatus as claimed in claim 1 and Wherein 
said at least one sensor is an accelerometer. 

4. Damping apparatus as claimed in claim 1 and Wherein 
said at least one sensor is a photosensitive sensor. 

5. Damping apparatus as claimed in claim 1 and Wherein 
said at least one sensor is a proximity sensor. 

6. Damping apparatus as claimed in claim 1 and Wherein 
said at least one sensor is a strain gauge. 

7. Damping apparatus as claimed in claim 1 and Wherein 
said at least one sensor is a velocity and displacement probe. 

8. Damping apparatus as claimed in claim 1 and Wherein 
said at least one sensor is a force gauge. 

9. Damping apparatus as claimed in claim 1, and Wherein 
said at least one sensor is responsive to tWo or more 
frequencies of resonance of the resonant structure to produce 
corresponding signals for application to the controller. 

10. Damping apparatus as claimed in claim 1, and 
Wherein said at least one sensor produces alternating signals 
at a predetermined frequency and/or amplitude in response 
to the detection of resonance of the resonant structure. 

11. Damping apparatus as claimed in claim 1, and Wherein 
said at least one sensor produces an electrical control trigger 
signal in response to the detection of a resonance of the 
resonant structure. 

12. Damping apparatus as claimed in claim 1 and Wherein 
the vibration generator is an electromagnetic inertial vibrator 
or actuator. 

13. Damping apparatus as claimed in claim 1 and Wherein 
the vibration generator is an electro-hydraulic inertial vibra 
tor or actuator. 

14. Damping apparatus as claimed in claim 1 and Wherein 
the vibration generator is a pieZoelectric inertial vibrator or 
actuator. 

15. Damping apparatus as claimed in claim 1 and Wherein 
the vibration generator is a magnetostrictive inertial vibrator 
or actuator. 

16. Damping apparatus as claimed in claim 1 and Wherein 
the vibration generator is an electrostatic inertial vibrator or 
actuator. 

17. (Currently Damping apparatus as claimed in claim 1, 
and Wherein the controller is a digital electronic controller 
having analogue to digital input and digital to analogue 
output circuits for the receipt and transmission of input and 
output analogue signals from said at least one sensor and to 
said at least one vibration generator respectively and a 
digital phase delay circuit for adjusting the timing and phase 
of the output signals With respect to the input signals. 

18. Damping apparatus as claimed in claim 17 and 
Wherein the phase delay circuit or softWare is adapted to 
adjust the phase of the output signals such that, via the at 
least one vibration generator, the resonant structure is damp 
ened by a periodically varying force having a frequency 
corresponding to and substantially in phase quadrature With 
a resonant frequency of the resonant structure. 

19. Damping apparatus as claimed in claim 1, said at least 
one sensor comprising tWo or more sensors for producing 
signals indicative of the frequency, amplitude and mode of 
the vibrations of the resonant structure. 
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20. Damping apparatus as claimed in claim 1 that is 
located Within a hull of a marine vessel and coupled to a 
second structural component comprising the thrust block 
and propeller shaft of the vessel, for damping the vibration 
of the propeller that constitutes said ?rst structural compo 
nent. 

21. Damping apparatus as claimed in claim 1, located 
Within an aircraft Wherein said ?rst structural component is 
an aircraft Wing and the second structural component is a 
Wing spar, the damping apparatus being coupled to the Wing 
spar and arranged for damping the vibration of the aircraft 
Wing. 

22. Damping apparatus as claimed in claim 1, Wherein 
said controller is arranged to generate said vibrations that 
damp the vibrations of the ?rst structural component in 
generally phase quadrature to said vibrations of the ?rst 
structural component. 

23. Damping apparatus as claimed in claim 1, Wherein 
each said sensor is mounted to the second structural com 
ponent for detecting vibration of the ?rst structural compo 
nent transmitted through the second structural component. 

24. In a structure having a ?rst structural component 
having one or more resonant frequencies and a second 
structural component relatively insensitive to said one or 
more resonant frequencies and being connected or coupled 
to said resonant structure either directly or indirectly via one 
or more intermediate structural components, 

a method of selective damping, characterised by detecting 
vibration of said ?rst structural component, identifying 
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resonances of the ?rst structural component from char 
acteristics of the detected vibration, and generating 
vibrations in response to the identi?ed resonances that 
are controlled in frequency and phase, and transmitting 
the generated vibrations through the second structural 
component to the ?rst structural component such as to 
selectively dampen the vibration of the ?rst structural 
component. 

25. A method as claimed in claim 24, Wherein the char 
acteristics of the detected vibration are frequency, phase, and 
mode. 

26. A method as claimed in claim 24, Wherein the trans 
mitted vibrations that selectively dampen the vibration of the 
?rst structural component are generally in phase quadrature 
With the vibrations of the ?rst structural component. 

27. A method as claimed in claim 24, Wherein said 
detecting vibration of said ?rst structural component com 
prises detecting vibration of the ?rst structural component 
that is transmitted through the second structural component. 

28. A method as claimed in claim 24, applied to a marine 
vessel, Wherein said second structural component comprises 
the thrust block and propeller shaft of the vessel, and the 
propeller constitutes said ?rst structural component. 

29. Damping apparatus as claimed in claim 24, applied to 
an aircraft Wherein said ?rst structural component is an 
aircraft Wing and the second structural component is a Wing 
spar. 


